Interventions: Patients were randomized to group 1 (HF), who received hemofiltration (25 mL/kg/hr) for a 96-hour period, or group 2 (C) who were managed conventionally. Measurements and Main Results: The primary end point was the number, severity, and duration of organ failures during 14 days, as evaluated by the Sepsis-Related Organ Failure Assess-ment score, on an intention-to-treat analysis. Strict guidelines were provided to perform continuous hemofiltration under the same conditions and bearing the same objectives in all centers. Because of inclusion stagnation, the trial was discontinued after an interim analysis by which time 76 patients had been randomized. The number and severity of organ failures were significantly higher in the HF group (p < 0.05). No modifications in plasma cytokine levels could be detected. Conclusion: These data suggest that early application of standard continuous venovenous hemofiltration is deleterious in severe sepsis and septic shock. This study does not rule out an effect of high-volume hemofiltration (>35 mL/kg/hr) on the course of sepsis. (Crit Care Med 2009; 37:803-810)
S evere sepsis and septic shock continue to pose a considerable challenge. Mortality and morbidity remain high despite increased understanding of the underlying pathophysiology and advances in technical support. Outcome relates to sepsis severity, with death mainly occur-ring from multiple organ failure during the first week of evolution (1) . Although exact mechanisms linking infection, inflammation, and organ dysfunction are not fully understood, it is generally accepted that organ failure results as a consequence of a storm of inflammatory mediators and excessive cellular activation (2) . The Sepsis-Related Organ Failure Assessment (SOFA) score (3) measured within the first 2 days of severe sepsis or septic shock is predictive of day 28 mortality (1) . The recent demonstration of outcome benefit from early circulatory optimization (4) suggests that a "golden window" exists for early interventions that may limit organ failure progression and reduce subsequent mortality. By contrast, late optimization, performed after organ failure is now established, has no beneficial effects, and may even be deleterious (5) .
Because of its simplicity and efficiency in taking over for the failing kidney, continuous venovenous hemofiltration (CVVH) is widely used to manage renal failure (6) . However, CVVH is frequently delayed for several days until sufficiently abnormal plasma variables develop to motivate the initiation of renal replacement therapy. In addition to the classic indications for renal support, such as azotemia, fluid overload, acidosis, and hyperkalemia, some experimental and clinical studies suggest a potential benefit through mod-Objective: The impact of continuous venovenous hemofiltration on sepsis-induced multiple organ failure severity is controversial. We sought to assess the effect of early application of hemofiltration on the degree of organ dysfunction and plasma cytokine levels in patients with severe sepsis or septic shock.
Design: Prospective, randomized, open, multicenter study setting, 12 French intensive care units.
Patients: A total of 80 patients were enrolled within 24 hours of development of the first organ failure related to a new septic insult.
ifying the plasma patterns of inflammation (7) (8) (9) (10) (11) (12) and organ failure (13) . This concept gained further credibility after the publication by Honore et al (14) suggesting benefit from short-term highvolume hemofiltration in patients with refractory septic shock, particularly when applied early. The current study reports the results of a multicenter trial assessing the "classic" hemofiltration technique (i.e., not utilizing high-volume fluid removal) applied early in severe sepsis or septic shock, and its effects on the number and severity of organ failures.
METHODS
Study Design and Organization. The Ethical Committee of Health Care of Poitou-Charentes approved this randomized, controlled, multicentered trial (number 97.02.06), which was regulated by an Independent Data Safety and Monitoring Board. Patients were enrolled between January 1997 and January 2000 in the intensive care units of two university and ten community hospitals. Informed consent was obtained from the next of kin of each patient. None of the centers received financial support from industry. Edwards Life Sciences (Irvine, CA) provided hemofilters for use in the study and an unrestricted grant to allow study monitoring and statistical analyses by an independent company.
Patients. The following inclusion criteria were used according to the American College of Chest Physicians/Society of Critical Care Medicine consensus conference (15) : clinically identified focus on infection associated with at least 2 systemic inflammatory response syndrome criteria and one or more sepsis-induced organ failures within the 24 hours before inclusion, plus a Simplified Acute Physiology II score between 35 and 63. Patients were excluded if pregnant, younger than 18 years, in a moribund state, in chronic renal failure, or receiving immunosuppressive therapy.
Randomization. Patients meeting the criteria were randomized by blocks of four to receive 96 hours of isovolemic CVVH in addition to standard sepsis management in one group, or standard sepsis management alone in the other group. The protocol had to start within 24 hours after randomization, thus allowing sufficient time to confirm the presence of infection and to optimize resuscitation. Data were collected daily during the first 5 days, then at days 7, 10, and 14.
The primary end point was the occurrence or the worsening of sepsis-induced organ failures as evaluated by the SOFA score measured from day 0 to day 14. Day 0 (the day of inclusion into the study) was used as the reference value for subsequent evolution of the SOFA score and scored as 0. An event was defined by a variation of 1 point for at least two organ systems. Secondary end points comprised mortality rate at day 14 and time to death. Time to withdrawal of catecholamines and time to weaning from mechanical ventilation were also analyzed.
Because the SOFA score reduction has not been evaluated from known data to predict outcome, the sizing of the population was difficult to determine a priori. Practically, the study was powered to fulfill the secondary end point of mortality rate. The sample size was fixed at n ϭ 400 patients to ensure an 80% power to detect a 20% decrease in mortality, considering a 48% mortality rate in one arm of the study group.
Hemofiltration Technique. The same CVVH technique was used in all participating centers. Vascular access was via a 14F duallumen venous catheter (Arrow, Reading, PA) inserted mainly in the femoral vein. A heparin-coated polysulfone membrane (Duraflo II, Edwards Life Sciences, Irvine, CA) of 1.2 m 2 surface area was used. The cutoff coefficient of this membrane is 30,000 Da. The circuit blood flow was set at 150 mL/min. The ultrafiltration rate was set at a fixed 2 L/hr for all patients. Warmed replacement fluid was bicarbonate buffered (32 mMol/L) (Hemosol B0, Hospal, Lyon, France) delivered at a rate of 2 L/hr. Net fluid removal was set by the physician in charge according to the patient's condition and clinical need. Total patient fluid balance was calculated for the 14-day study period (Table 4 ).
In the CVVH group, the duration of hemofiltration was at least 96 hours. To ensure the use of efficient membranes, the hemofilter was replaced at 12, 24, and 48 hours, and at other recorded times if the filter clotted prematurely. Blood circuit anticoagulation consisted of prefilter administration of heparin sodium (Heparine; Choay; Paris, France) at a rate of 5 IU/kg/hr. Glucose and potassium chloride was optionally added to the 10-L bag of replacement fluid according to patient's need.
Baseline Assessment and Data Collection. The Simplified Acute Physiology II score was calculated within the first 24 hours after meeting the inclusion criteria. SOFA was calculated at the time of enrollment using the most aberrant values, and daily thereafter for the next 14 days until death or discharge. The centers were free to use the pulmonary artery catheter inserted as per protocol for data collection to enable additional cardiovascular monitoring and for choice and titration of drug therapy. The variables required to define organ failure, including routine laboratory constants, were collected daily at 8 AM.
The decision to modify cardiovascular support and to wean from mechanical ventilation was made by the clinical team caring for the patient. The duration of these supportive therapies was accurately recorded (days and hours), referring to the precise time of protocol inclusion. The length of intensive care unit stay (days) was calculated using the day at which a general ward bed was first requested.
Cytokine Measurements. Two centers participated in this substudy. Blood samples (5 mL) were drawn into ethylenediaminetetraacetic acid, centrifuged, and 1 mL plasma aliquots were kept at Ϫ80°C until assayed for cytokine content. Samples were obtained upstream and downstream of the hemofilter at 0, 1, and 12 hours after initiation of hemofiltration, 1 hour after replacement of the first hemofilter (13 hours), and 24 hours. Samples of ultrafiltrate were collected at the same time points. For the nonhemofiltered patients, samples were collected at inclusion, and 12 and 24 hours later. Eleven markers were measured, i.e., tumor necrosis factor alpha, interleukin (IL)-6, IL-8 (or CXCL8), IL-10, IL-1 receptor antagonist (IL-1ra), oncostatin M, monocyte chemoattractant protein-1 (MCP-1 or CCL2), macrophage inflammatory protein (MIP-1␤ or CCL4), regulated upon activation normal T-cell expressed and secreted (RAN-TES or CCL5), soluble tumor necrosis factor receptor II, and the soluble IL-6 receptor. Specific enzyme-linked immunosorbent assays from R&D Systems (Abingdon, UK) were employed according to the manufacturer's instructions.
Adverse events (E) were recorded throughout the study, coded using prespecified categories and then summarized according to severity and resolution. The number and percentage of patients experiencing at least one adverse event were analyzed. In any given category, subjects were only counted once. If the same event for a patient had two different severities, the worst was taken into account.
Statistical Analysis. The population was analyzed on an intention-to-treat basis. All randomly assigned subjects in the hemofiltration (HF) group who received at least 1 day of hemofiltration and all patients from the control group were analyzed. Continuous variables were compared between treatments using a two-way analysis of variance. Categorical data were compared using a Fisher's exact test.
Efficacy analyses were performed twice to check the sensitivity of the results to dropouts and unavailable assessments. In the analysis of the primary end point, missing data were replaced by carrying forward the last on-therapy value available before discontinuation (last observation carried forward approach). Results were compared with those obtained from analysis of all observed data.
The time to multiple organ failure evolution of the two groups SOFA scores was compared by a log-rank test and were represented by a Kaplan-Meier curve. A similar method was used for analysis of time to worsening for a single organ.
The death rate over time was compared within the two groups using the log-rank test and also represented by Kaplan-Meier curves. Statistical analyses were performed using SAS software (Cary, NC). Statistical testing was two-sided and used the 5% significance level in accordance with standard practice.
RESULTS
Characteristics of the Patients. From January 1997 to June 1999, 80 patients were enrolled in 12 intensive care units. Because inclusion rate showed stagnation in inclusions, the Comite d'Analyse des Donnees Cliniques decided to perform an intermediate analysis. In view of the results, the committee decided to stop the trial. The Data Safety Monitoring Board Committee carefully reviewed each case record form and decided to remove four patients because of major violations of the protocol: two of them did not have a sepsisrelated inflammation and two for whom the protocol was stopped within 48 hours of inclusion because of a family decision to suspend therapy, despite their initial informed consent. As a consequence, 76 patients were analyzed ( Fig. 1) .
Thirty-seven patients in the HF group and 39 patients in the control group ful-filled the inclusion criteria. The two groups were comparable for age, gender, sepsis etiology, baseline Simplified Acute Physiology Score, and SOFA score (Table  1) , and did not differ at baseline for mean blood pressure, heart rate, PAO 2 /FIO 2 ratio, urinary output and creatinine, platelets, and plasma bilirubin ( Table 2) . Table 3 shows the sepsis characteristics and therapeutic interventions. The source of sepsis, the time to inclusion from the diagnosis of sepsis, the site of infection, and the bacteriologic data were comparable in the two groups. Timing for septic events was also comparable for the two groups ( Table 3 ). The delay from systemic inflammatory response syndrome and the inclusion was 57 Ϯ 33 hours and 54 Ϯ 57 hours (hemofiltration group vs. conventional group). The first organ failure related to the sepsis appears 22 Ϯ 15 (hemofiltration) and 20 Ϯ 10 hours (conventional group) before inclusion, a delay considered "early" for severe sepsis. Therapeutic interventions did not differ in the two groups except for continuous renal replacement therapy (Table 3) .
Primary End Point. Figure 2 shows the Kaplan-Meier curves for the time to worsening of the SOFA score, as defined in the "Methods" section. The HF group elicited a more rapid deterioration than the control group (log-rank test: chisquare ϭ 8.73; p ϭ 0.0266). This difference remained significant until day 10. When compared to the day 0 reference value (0), the SOFA score evolution profile was statistically different in the two groups with the score in the HF group remaining higher (p Ͻ 0.001).
Secondary Outcomes. The secondary end point analyses showed that mortality at day 28 was not significantly different in the two groups (54% HF vs. 44% controls; p Ͻ 0.49). Time to death tended, but not significantly, to be shorter in the HF group over the 14-day study period (log-rank test: chisquare ϭ 2.638; p ϭ 0.104) ( Fig. 3) . Figure 4 Kaplan-Meier curves showed that weaning from both mechanical ventilation ( Fig. 4A ) and catecholamines (Fig. 4B ) was significantly longer in the HF group. For both, weaning was significantly longer in the HF group (log-rank test: chi-square 4.19, p ϭ 0.040 for mechanical ventilation; chi-square 3.91, p ϭ 0.048 for catecholamine use).
Urinary output within the 24 hours preceding inclusion was 1543 Ϯ .209 mL in HF group; 1491 Ϯ .242 in conventional group (not significant). For assessment of renal failure, we used only a single item of the SOFA definition, which normally considers abnormalities of either plasma creatinine or urinary output. We chose a urinary output lower than 500 mL/day, because the HF group was supposed to have a maintained or reduced creatinine level. Using this urinary output criterion, the frequency of renal failure was higher in the HF group (analysis of variance; p Ͻ 0.05), although the proportion of patients in renal failure was similar at day 0 (Table 2) in both groups. As a consequence, the use of HF for renal support after the 96 hours of protocolized HF was significantly higher in the HF group (19 of 37 in the HF group vs. 8 of 39 in the control group; p Ͻ 0.05).
Evolution over 14 days of the relevant score values for organ failure showed that hemodynamic variables, PAO 2 /FIO 2 ratio, plasma creatinine, and fluid balance did not differ in the two groups and fell within an adequate range for resuscitation goals. The actual dose used over 96 hours was in total 1976 Ϯ 282 mL/hr or 24.7 mL/kg/hr ( Table 4 ). The timing of hemofilter membrane replacement and the de-sired ultrafiltration rate were achieved for all patients. Within the 96 hours of the HF protocol, fluid removal averaged 120 mL/hr (range 52-322 mL/hr). Net fluid balance was not statistically different during the study period (81-78 kg in the HF group, 76 -69 kg in controls) ( Table 3 ). There were no differences in adverse events within the two groups.
Cytokines. Plasma cytokine measurements were achieved in ten HF and eight control patients, and demonstrated the anticipated elevated levels as classically seen in septic shock. There were no statistical differences for all the cytokines measured between the two groups before inclusion. For all markers, the levels upstream and downstream of the hemofilter were similar except for IL-6, MCP-1, IL1ra, and IL-10, which increased slightly in relation to hemoconcentration (data not shown). Sequential measurements at times T0, T12, and T24 hours did not display any significant differences between groups (Fig. 5 ). Some markers (IL-1ra, IL-6, IL-8, and MCP-1) could be detected in the ultrafiltrate at concentrations up to 35% of the plasma levels ones. There was a significant correlation between plasma and ultrafiltrate levels (Fig. 6 ). In contrast, zero or very low levels (Ͻ1% of plasma levels) of RANTES, MIP-1␤, IL-10, soluble IL-6 receptor, and soluble tumor necrosis factor receptor II could be measured in the ultrafiltrate.
After grouping patients on outcome and not on studied groups, we observed differences for procalcitonin, IL-10, IL-6, and RANTES, which were significantly higher in dead patients than in survivals at inclusion time.
DISCUSSION
Early application of classic CVVH to a population with severe sepsis, irrespective of the presence of renal failure, failed to limit or improve organ failure. Contrary to expectation, it prolonged the requirement for organ support and also showed a trend to higher mortality at 14 days compared with a control group, requiring discontinuation of the study as justified by fulfillment of a prioridetermined stopping rules. No modifications in cytokine plasma levels could be detected.
The two groups were well balanced in terms of demographics, bacteriology, physiology, and illness severity. Although impossible to perform a double-blinded study using this device, importantly, the potential bias induced by the nonblinded protocol seems limited because cardiorespiratory and metabolic data did not differ between the two groups over the study (25) HF, hemofiltration; NS, not significant. period. Furthermore, the goals for resuscitation achieved in both groups were appropriate, albeit with a greater intensity when using supportive techniques in the CVVH group. The dose-ranging study from Ronco et al (13) , suggestive of improved outcomes when using ultrafiltrate rates of 35 mL/kg/hr, had not been published before the design of our protocol which targeted a flow rate of approximately 25 mL/kg/hr. Because our trial did not focus on renal support, dose ranging might have had a more limited impact on the measured variables. However, Cole et al (16) clearly demonstrated that among patients with septic shock, the dose of norepinephrine needed to reach the target blood pressure was significantly less in patients treated with high-volume hemofiltration (6 L/hr) than during conventional hemofiltration (1 L/hr). However, this study was not designed to draw conclusions about outcome. Regular filter membrane changing might have limited any time-related performance deterioration during the 96hour study period. Finally, any heterogeneity in technical performance between intensive care units was negligible, as no severe adverse events related to CVVH were observed and this was applied early (mean 22 hours) during the course of severe sepsis.
The clinical use of hemofiltration to limit inflammation, already suggested by experimental data (17) , gained even more credibility after the study from Honore et al (14) in which high-volume hemofiltration rescued 45% of patients in refractory septic shock, despite a catastrophic predicted mortality. The technique required to achieve such a goal may differ from the standard procedure in relation to hemofiltration volume, the use of high permeability membranes, or special circuits and cartridges to adsorb molecules of inflammation (10, 16, 18 -23) . Several small trials have shown the superiority of highpermeability membranes in terms of vasopressor reduction (24) , restoration of mononuclear cell proliferation, and attenuation of polymorphonuclear neutrophil phagocytosis (7, (25) (26) (27) (28) .
For the primary end point, we used the well-established SOFA score (3) to assess any potential benefit of CVVH on organ failure. The day-to-day use of this score for such a purpose has recently been validated as a prognostic tool in severe sepsis (1) . Application of CVVH delayed the organ failure improvement that we observed in the control group (p Ͻ 0.001) (figure not shown). The time concordance between the absence in organ failure improvement and application of hemofiltration suggests a direct relationship between CVVH and prolongation of organ failure. The absence of any benefit of classic hemofiltration to limit organ failure and remove mediators has been suggested by a small phase II trial in patients with severe sepsis or septic shock (29) . They did not observe any benefit at 48 hours of hemofiltration using a 2-L hourly exchange. Our two groups have similar severity and organ failure patterns, eliminating any bias inpatient recruitment to the HF group. Compared with the study by Cole et al (29) , the current study not only failed to show any positive impact of hemofiltration, but rather showed a deterioration. Although no clear explanations support our observation, some suggestions can be made. Hemodynamic, respiratory, and biological values in both groups met recommended goals for resuscitation of patients with severe sepsis (30) . This attenuated the risk of any bias in resuscitation of one group compared with the other. Nevertheless, the type of filter membrane used may have had an impact. For example, polyacrylonitrile (AN69) has a proven high hemoadsorption capacity (31) , whereas polysulfone filters do not perform as well in this regard, even though the membranes were frequently replaced.
Comparison of secondary end points also revealed differences between the two groups. The requirement for supportive therapy was significantly higher in the HF group with a longer duration of mechanical ventilation, cardiovascular and renal supports. Furthermore, a trend to an increased mortality was observed in the HF group. Because the current study was designed to not use HF as renal replacement therapy, the occurrence of renal failure should also be considered as part of its impact on organ failure. Because the RIFLE score had not been implemented when the protocol was designed, this score was not used for renal failure classification. In addition, the context of such a study, i.e., the use of HF for no renal effectiveness, renal failure scores were difficult to apply. Because HF modifies renal failure parameters, such as serum urea and creatinine, only urinary output was considered to characterize renal failure. The frequency of low urinary output was higher in the HF group. More importantly, the need for renal failure support after the 96-hour protocol had elapsed was also statistically greater in the HF group. Thus, HF seems to have a negative impact even in renal dysfunction. It is conceivable that HF may have a negative impact on renal failure, leading to the hypothesis that HF may worsen the condition of the "septic stressed" kidney. Such an effect does not seem related to clear hemodynamic or fluid balance differences, as both groups were comparable at the time of study enrollment. Early HF may potentially remove nonidentified small molecules that have a protective role. Furthermore, the need for more intense cardiovascular support may also worsen the kidney's functional capability. Although cytokine plasma levels do not reflect tissue cytokine content, a lower value could be expected during HF. In the current study, HF did not show any impact on plasma cytokine levels. The patterns observed were abnormal and were consistent with those previously observed in severe sepsis or septic shock (32) .
Previous studies have shown an early reduction in cytokine levels after commencement of HF followed, within hours, by an increase to baseline levels (7, 33) . This is thought to be related to initial adsorption of cytokines onto the membrane, which then becomes saturated. To our knowledge, no other studies have assessed the effect of HF on such a large panel of cytokines during sepsis. Levels measured upstream and downstream from the site of hemofiltration were similar, and independent of the time of sampling within the first 24 hours (data not shown). Kinetics of plasma cytokines and soluble cytokine receptors were similar whether septic patients received HF or not. Surprisingly, not all markers were found in the ultrafiltrate, and this was independent of their molecular weights. We had deliberately included assays for four chemokines chosen because of their low molecular weights, of which, some were rarely detected in ultrafiltrate despite their presence in large amounts in plasma (e.g., RANTES), whereas others could be found in all samples (e.g., MCP-1).
The observed correlation between plasma and ultrafiltrate levels for some cytokines might infer that higher rates of hemofiltration could have an impact on such inflammatory mediators. Highvolume hemofiltration may be more efficient in severe sepsis, as previously suggested (14, 34) . The later study confirmed the efficiency of high-volume hemofiltration on cytokine removal in comparison with conventional hemofiltration, but with no information on outcome and organ failure. Such a concept remains to be proven by a multicenter randomized trial.
CONCLUSION
In summary, we report the results of a multicenter trial on the use of early hemofiltration in severe sepsis aiming at limitation of organ failure. Contrary to our expectations, early HF resulted in worse outcomes and prolongation of organ support. Although hemofiltration has not proved its therapeutic efficacy in sepsis, it remains an extrarenal purification technique of choice in acute renal failure, particularly indicated in hemodynamically unstable intensive care patients. New techniques in the area of extrarenal purification are currently being developed, based on the regeneration of high ultrafiltrate volume after passing over resins that absorb excess inflammatory mediators. If practical application of the technique can be achieved, and if it remains financially viable, very high-flux techniques may eventually exert a beneficial effect on the evolution of severe sepsis and septic shock. To conclude, in septic patients, hemofiltration with an ultrafiltration rate of 2 L/hr did not limit organ failure. Whether high-volume hemofiltration is able to limit organ failure in these patients remains to be investigated.
